Abstract: Whilst it is generally accepted that glycogen is synthesized from UDPG by the combined action of a chain-lengthening enzyme (glycogen synthase) and a branching enzyme (BE), the synthesis of amylopectin from ADPG requires a more complex enzyme system which includes various isoforms of the related starch synthase and plant BEs. In addition, several workers have suggested that debranching enzymes (DBEs) are involved. These suggestions, which are based mainly on molecular biological experiments, require mechanisms which are incompatible with much of the biochemical evidence. Overall, the involvement of DBEs in amylopectin biosynthesis has not been unambiguously established, although DBEs could play a role in the control of phytoglycogen biosynthesis by a separate pathway, or in starch granule initiation and growth.
ponent with a degree of branching ranging from 6-10%, covering both normal glycogens and amylopectins. In terms of evolution, starch first appeared in the Crypto phyta, and contained both linear and branched compo nents, although the amylose content was higher (30-45%) than that of many terrestrial plants (20-25%) which were subsequently evolved. In terms of biochemical evolution, the synthesis of gly cogen by the combined action of glycogen synthase on UDPG and a branching enzyme, without the involvement of any debranching enzyme, is well established.3) How ever, the synthesis of starch requires some compartmen talisation of enzymic activity, so that some molecules are produced by starch synthase(s) and ADPG but are protected from significant BE activity, thereby yielding amy lose. Other molecules are produced by the activity of the various isoforms of starch synthase, and two or more iso forms of BE to yield amylopectin. The situation has be come more complicated by the publication of evidence from molecular biology studies that DBEs are also involved in this process, although convincing biochemical evidence to support this view was still lacking.2) The second plant DBE is ispamylase (EC 3.2.1.68) which acts on glycogen, amylopectin and derived /9-dextrins. Enzyme action is normally complete, and bacterial isoamylases are routinely used for the preparation of chain profiles. However, isoamylases have no action on pullulan. The first plant isoamylase to be detected was present in extracts of sweet corn,12) although it was later reported that the sugary mutation in maize involved a loss of the isoamylase gene, and hence, this enzymic activity.13) Other work showed14) that maize contained two isoforms of isoamylase, one of which could be the isoform present in sweet corn extracts. More recently, evidence for three isoforms of ispamylase in maize,7) and in potatoes,15) has been published. 22) which still requires the participation of a DBE. They have modified the idea that phytoglycogen could be an intermediate, and instead, have suggested a glucan-trimming model involving amylopectin crystallization as a driving force. A pre-amylopectin is formed from ADPG by the action of starch synthases and BEs which is then acted upon by a DBE, releasing linear maltosaccharides. These are then either transferred directly back into pre amylopectin by D-enzyme, or converted into ADPG. It is also possible that D-enzyme could catalyse the direct transfer of glucans among chains in pre-amylopectin, which is then removed from an aqueous phase by crystal lization, thereby becoming inaccessible to further enzymic modification. This model over-emphasizes the crystalline nature of amylopectin, since the degree of crystallization of waxy rice or waxy maize starch does not exceed 40%, and is less in other starches,23) so that the major part of the macromolecule is still amorphous. Moreover, recent studies24) suggest that the primary function of D-enzyme is in starch degradation rather than synthesis.
Attention is also drawn to other models of amylopectin biosynthesis which require the participation of a DBE in the complex process.2S,26, Plant isoamylases are usually considered to be involved in the breakdown of starch. The evidence for the presence of active isoamylases within amyloplasts during periods of starch synthesis is not yet convincing. Isoamylases, like limit dextrinases, require free-SH groups for enzymic ac tivity.14) Extraction of cereal endosperms or flours with buffers containing 2-mercaptoethanol or dithiothreitol will result in the formation of free-SH groups, but such extrac tions no longer represent the true in vivo situation. More over, for effective metabolism, the enzyme(s) and sub strate(s) in amyloplasts must be in close proximity and not separated by membranes of various types. Homogeni zation of plant tissues leads to disruption of membranes, and the resulting mixing of an enzyme and substrate could lead to incorrect conclusions being drawn on the in vivo significance of a particular enzymic reaction. It is also not clear how isoamylase could play a role in both the synthesis and degradation of leaf starches during a single 24 h period. Similar mutations leading to the synthesis of high amy lose starches have also been observed in peas and rice.3) Alternative models of amylopectin synthesis. As an alternative to the various glucan trimming mod els, it is possible that there are three different biosynthetic pathways in starch synthesis, with major pathways leading to the formation of amylose and amylopectin, and a minor pathway for phytoglycogen, each of which is under ge netic control, and that in the various mutations reported, the relative activity of each pathway is changed.
There is now good evidence that many starches contain not only amylose and amylopectin, but a third minor com ponent, originally termed "anomalous amylopectin". This should not be confused with an "intermediate fraction" isolated during some fractionations of maize starch. This " anomalous amylopectin" resembles phytoglycogen in its molecular structure. It was originally isolated from the supernatant liquors from initial insoluble amylose complexes during the fractionation of wheat,33) potato and rubber seed starch.34) but would not be detected in other starch fractionation procedures. It represents about 5-10% of potato starch, 10% of rubber-seed starch34' and 5% of wheat starch.33) These "anomalous amylopectins" gave reddish colours with iodine, and had lower /3-amylolysts limits (48-53%) than normal amylopectins (55-60%), and aver maltosaccharides resulted in the formation of soluble branched glucans. The action of an isoamylase could normally prevent the accumulation of this glucan, but in the mutant, the loss of this degradative activity could lead to the formation of phytoglycogen-type a -glucan by the action of starch synthases and BEs, and that this would oc cur at the expense of starch synthesis45' (Fig. 1) . This model is supported by other evidence from the lit erature, and provides a plausible explanation of the prob lem of the synthesis of both starch and phytoglycogen in the same plant tissue, as in sugar cane46) and in maize and rice, and for the presence of small amounts (perhaps 5%) A B Fig. 1 . Models proposed to explain the role of the debranching enzyme isoamylase in the synthesis of amylopectin .
In A, starch synthase and branching enzyme synthesise pre-amylopectin, a polymer more highly branched than amylopectin . "Trimming" of this polymer via debranching enzyme removes some of the branches and allows the polymer to crystallise onto the surface of the starch granule. The malto-oligosaccharides released by the trimming may be converted back to ADPglucose, or may be re-incorporated onto chains within the pre-amylopectin via a disproportionating enzyme. In isoamylase-deficient mutants (dashed line), failure of the trimming process means that pre-amylopectin does not achieve an appropriate branching pattern for crystallisation to occur. Further elaboration of the preamylopectin by starch synthase and starch-branching enzyme results in the accumulation of phytoglycogen. 22) In B, starch synthase and starch-branching enzyme synthesise amylopectin rather than a pre-amylopectin which requires trimming . These enzymes may also act on small malto-oligosaccharides present in the soluble fraction of the plastid . Elaboration of these malto oligosaccharides is prevented by "scavenging" enzymes, including debranching enzyme, which degrade soluble glucans . In the absence of isoamylase (dashed lines), soluble glucans are elaborated by starch synthase and starch-branching enzyme and accumulate as phytoglyco of apparent phytoglycogen in kernels of several maize genotypes. A third possible role for isoamylase in starch synthesis has emerged recently (Burton et al 47) ). Two mutants of barley which lacked this enzyme had a reduction in en dosperm starch, but accumulated phytoglycogen. However, the structure, number and timing of initiation of the starch granules was changed. Normal A-or B-type gran ules were absent from the mutants, and there was an in creased number of starch granules per plastid. Moreover, some of the granules were compound. It is possible that isoamylase not only suppresses phytoglycogen synthesis, but also determines the number and form of starch gran ules, perhaps by acting on a protein-glucan primer.
There is now intense research activity in various labora tories to determine the role of isoamylase in starch syn thesis, since at present, this is one of the outstanding problems.45' Current studies on the genetic analysis of both isoamylase and limit dextrinase (plant pullulanase) in maize which suggest that these DBEs may have multiple functions in starch metabolism are of special interest. 48 
